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Preface

Comprehensive water quality monitoring programs are essential to the Michigan Department of
Environment, Great Lakes, and Energy (EGLE), formerly the Michigan Department of
Environmental Quality (MDEQ), to assess water quality throughout the state of Michigan. The
Michigan Water Chemistry Monitoring Program (WCMP) is one program that provides EGLE
with a solid foundation of knowledge to base management decisions and prioritize efforts as an
agency.

The 1997 report, “A Strategic Environmental Quality Monitoring Program for Michigan’s Surface
Waters,” (Strategy) (MDEQ, 1997) identified the following 4 major goals of the Water Resources
Division (WRD) and listed individual objectives within each of the WRD programs:

1) Assess the current status and condition of waters of the state and determine whether
water quality standards (WQS) are being met.

2) Measure spatial and temporal water quality trends.

3) Evaluate the effectiveness of water quality prevention and protection programs.

4) Identify new and emerging water quality problems.

The Strategy was written at a time when resource constraints forced funding and staffing for
water quality programs to decrease considerably. A Strategy Update was written (MDEQ, 2005)
after those resource constraints were alleviated with annual appropriations of Clean Michigan
Initiative (CMI) funds, allowing the Strategy to be fully implemented. The latest update was
written in 2017 (MDEQ, 2017a). While programs have grown and evolved through the years,
the same fundamental goals continue to drive monitoring efforts.

Previously published WCMP reports are available at http://www.michigan.gov/deq/0,4561,7-
135-3313 3686 3728-32361--,00.html. Quality assured data used in these reports are
available upon request. These data are also available online in the federal Storage and
Retrieval (STORET) system at https://www.epa.gov/waterdata/storage-and-retrieval-and-water-
quality-exchange or via the Water Quality Portal at https://www.waterqualitydata.us/. Older
water chemistry data (i.e., pre-1998) can be found in Michigan Department of Natural
Resources (MDNR) (1993) or at the STORET Legacy Data Center at
https://www3.epa.gov/storet/legacy/gateway.htm.

The WRD would like to acknowledge and thank the partners who support the WCMP. These
include: the United States Environmental Protection Agency (USEPA); United States
Geological Survey (USGS); EGLE, Remediation and Redevelopment Division, Laboratory
Services Section; Wisconsin State Laboratory of Hygiene (WSLH); LimnoTech; White Water
Associates; and Great Lakes Environmental Center (GLEC).

Several figures in this report were created using ArcGIS® software by Esri. ArcGIS® and
ArcMap™ are the intellectual property of Esri and are used herein under license. Copyright ©
Esri. All rights reserved. For more information about Esri software, please visit www.esri.com.
Several graphs and tables in this report were created using the statistical software

R Version 3.2.2 (R Core Team, 2015).



Introduction

Sampling for the EGLE WCMP began in 1998 using part of a $500,000 appropriation by the
State Legislature. The program was a first step towards improving water quality monitoring in
Michigan since funding reductions in the mid-1990s, which severely restricted monitoring
capabilities (Aiello, 2008). In 1998, monitoring stations were located in Michigan’s Great Lakes
connecting channels and tributaries to Lake Huron and Lake Erie. The following year
monitoring stations were located in the connecting channels, tributaries to Lake Michigan and
Lake Superior, and Grand Traverse and Saginaw Bays. In 2000, monitoring stations in the
connecting channels, bays, and major tributaries of all of Michigan’s Great Lakes were sampled.
In 2001, with the assistance of the CMI, the WRD was able to establish a consistent sampling
program, including monitoring in major tributaries, the Great Lakes connecting channels, and
Grand Traverse and Saginaw Bays.

A probabilistic sampling design was added to the WCMP in 2005 to establish a water chemistry
statewide status and trends program. The addition of a probabilistic component to the WCMP
gave the WRD the ability to extrapolate results and make stronger conclusions at the statewide
and other regional levels. For example, the tributary data show spatial patterns in parameters
(e.g., chloride, mercury); however, tributary conclusions are truly limited to comparing specific
sites, not regions. The probabilistic sampling design includes 250 (initially) randomly chosen
sites sampled at a rate of 50 sites each year over a 5-year period. The random design allows
for regional comparisons in water quality. The third cycle for sampling began in 2015 and at the
end of the third cycle the probabilistic data will be used to investigate temporal trends.

Where appropriate, contaminant concentrations are also compared with water quality criteria
such as Michigan’s R 323.1057 (Rule 57) of the Part 4 WQS (Part 4 Rules), promulgated
pursuant to Part 31, Water Resources Protection, of the Natural Resources and Environmental
Protection Act, 1994 PA 451, as Amended (MDEQ, 2006 and 2018).



Analytes, Sampling Methods, and Analytical Methods

Samples generally were collected as grab samples from a single point in surface water (e.g., in
the flow of the stream) at an approximate 0.3- to 1.0-meter depth. Field measurements of
dissolved oxygen (DO), temperature, pH, and conductivity (as specific conductance) were taken
at the sample location during each sampling event using a calibrated multi-parameter water
quality monitoring instrument.

Conventional and nutrient water chemistry samples were collected and handled using
EGLE-approved procedures (MDNR, 1994), and were analyzed by EGLE Environmental
Laboratory. For total mercury and trace metals, sample collection and handling were carried out
in accordance with USEPA Method 1669 (USEPA, 1996). Mercury samples from probabilistic
sites were analyzed at the EGLE Environmental Laboratory. The EGLE Environmental
Laboratory did not develop the capability to analyze for mercury until 2005; therefore, to
maintain laboratory consistency in the WCMP dataset, mercury samples from the major
tributaries, bays, and connecting channels were (and continue to be) analyzed by the WSLH,
which has analyzed these mercury samples since 1998. The EGLE Environmental Laboratory
does not have the capability to analyze non-mercury trace metals at levels necessary for trend
analysis. Therefore, all non-mercury trace metals samples were analyzed by the WSLH.

Analytical methods and quantification levels are shown in Appendix A-1. Additional samples
(e.g., field blanks, field replicates) were collected in the field for data quality assurance/quality
control (QA/QC) purposes (MDEQ and USGS, 2001; MDEQ, 2003a, 2007b, and 2017b; and
Roush, 2013). Generally, as noted in a previous WCMP report (Roush, 2013), replicates were
collected at a rate of 10 percent (%) and field blanks were collected at a rate of 5%; for total
mercury sampling, one-half of the field blanks were substituted with trip blanks'. Participating
analytical laboratories have QA/QC programs and use peer-reviewed analytical methods.
Analytical methods employed by the WCMP have remained the same since the project was
initiated in 1998, unless otherwise noted in Appendix A-1.

Data that did not meet certain criteria (e.g., particular laboratory codes [WSLH and EGLE]) were
excluded from analyses. Data that were flagged as outliers compared to historical data were
retained for analyses. This is because it is unknown if these high values are due to natural
variation at the site or sampling, handling, or analysis error. For details about laboratory codes
that resulted in the exclusion of some data from spatial and temporal analyses for all the types
of water bodies examined in this report (probabilistic sites, Great Lakes tributaries, bays, and
connecting channels), plus additional QA/QC review information, please refer to Section 1,
particularly Table 1-2 and associated text.

TMDNR (1994) recommends that for all parameters other than volatile organics, as a minimum, 1 blank
should be collected for every 20 investigative samples (i.e., 5%), but for some programs a frequency of
1 blank for every 10 investigative samples may be more appropriate (i.e., 10%). The MDEQ and USGS
(2001) state that the purpose of trip blanks is to monitor possible contamination introduced via vapor
phase into unopened (sealed) sample containers as they are transported from place to place, and that in
the context of this program, only parameters considered subject to vapor phase contamination (e.g.,
mercury) had trip blanks collected for them. Trip blanks were provided by the WSLH for mercury.



Statistics

All summary statistics and boxplots were generated using the software R Version 3.2.2

(R Core Team, 2015) via the RStudio interface (version 0.98.976). Data were analyzed using
the following R packages: NADA (Lopaka, 2013), survival (Therneau, 2015), ggplot2 (Wickham,
2009), pgirmess (Giraudoux, 2016), multcompView (Graves et al., 2015), wq (Jassby, 2016),
interval (Fay and Shaw, 2010), EnvStats (Millard, 2013), restrend (Lorenz, 2015), and Icens
(Gentleman and Vandal, 2019). Some additional calculations (e.g., in Appendices C-3 and C-5)
were made using Microsoft Excel 2013.

Historically, data below analytical quantitation or detection levels, including negative values,
were used directly in analyses based on the recommendations of Porter et al. (1988) and
Gilliom et al. (1984) or were replaced with one-half the Method Detection Limit (MDL).

Improvements in the capability of statistical programing have allowed for more complex
analyses that more accurately account for the uncertainty of values below detection levels.
Throughout this report, analyses follow the recommendations of Helsel (2012) using interval
censored data unless otherwise noted. Medians and quartiles were calculated using
non-parametric Turnbull interval-censored survival functions (Helsel, 2012). Summary statistics
for probabilistic data from 2005-2009 may vary slightly from Roush (2013) because of this
change in treatment of data below detection limits; however, overall spatial trends are expected
to be similar due to the relatively small amount of data below detection limits for most
parameters at probabilistic sites.

For parameters that did not have any values below the laboratory’s reporting limits (RL),
summary statistics (e.g., minimum, quartile 1, median, quartile 3, and maximum) and boxplots
were generated using the base (standard) R environment.

In Roush (2013), 2002-2008 loading estimates were provided for the WCMP maijor tributaries
and the Great Lakes connecting channels. For the present report, loading estimates for the
WCMP major tributaries are presented through 2013, in addition to the historical estimates
mentioned above. The USGS (Michigan) staff generated loading rate estimates for the

Great Lakes tributaries (for all years through 2013) (Appendix A-3) and the connecting channels
(through 2008) (Appendix A-4) for total phosphorus, total chloride, total suspended solids (TSS),
total mercury, and total trace metals using the Stratified Beale Ratio Estimator described by
Richards (1994) (see also Richards et al. [1996]). WCMP staff explored generating load
estimates for the Great Lakes connecting channels past 2008; however, since 2009-2013 flow
data appear to be mostly provisional or perhaps not directly comparable?, the decision was
made to not attempt to generate estimates at this time.

21n late 2008, the USGS established gaging stations near the upper ends of the St. Clair and

Detroit Rivers (see “St. Clair River at Port Huron, MI” [gauge #04159130] and “Detroit River at

Fort Wayne, Detroit” [gauge #04165710] at https://waterdata.usgs.gov/nwis); however, those flows may
not be directly comparable to historical flow estimates for the whole rivers (which were based upon
multiple National Oceanic and Atmospheric Administration water level gauges along each river; see
Fay and Noorbakhsh [2010]). For historical Great Lakes connecting channel flow data, one source is a
file named, “GL Connecting Channel Flows, 1900-present.xIsx,” available at the Great Lakes Dashboard
data download page managed by the National Oceanic and Atmospheric Administration’s Great Lakes
Environmental Research Laboratory (https://www.glerl.noaa.gov/data/dashboard/data/index.html
[under “sourceSpreadsheets”] or
https://www.glerl.noaa.gov/data/dashboard/data/hydrolO/sourceSpreadsheets/)). Note that circa 2010,
flows for the St. Clair River and Detroit River for years 1987-2008 were revised due to an apparent




Mean values are more affected by extreme values (likely observed during very high or very low
flow conditions) than median values. In terms of relating concentrations to loadings, using a
mean value makes sense. According to Richards (1998), it is not uncommon for 80-90% or
more of the annual pollutant load to be delivered during the 10% of the time with the highest
fluxes. On the other hand, when looking at concentrations that are typically found in a stream,
or change over time, a median provides a better measurement, thus median values were
computed for most other summary statistics.

Spatial/Seasonal

In the absence of sub-detection limit data, between group (e.g., STORET, ecoregion, stream
order, etc.) comparisons were made using Kruskal-Wallis tests with a significance level of

p = 0.05 (Helsel, 2012). Where Kruskal-Wallis tests were significant, multiple comparisons were
made using Dunn’s test (Siegel and Castellan, 1988). An underlying assumption of this test is
that distributions between groups are similar with the only difference being shifts in medians.
There were some instances where this assumption could not be validated, and thus, statistical
comparisons were not made. These comparisons were used to determine if there was any
statistically significant variability among sampling stations or sampling months.

In the presence of sub-RL data, summary statistics were generated using Turnbull methods as
described in Helsel (2012). Comparisons among groups (STORET, ecoregion, month, etc.)
were conducted using the interval-censored form of the generalized Wilcoxon test. Post-hoc
multiple comparisons were not performed due to software limitations; however, groups were
semi-quantitatively ranked by their distributions within the bays and connecting channels.
Support for these censored data analyses is provided by Helsel (2012).

Temporal

Temporal trend analyses were performed using Seasonal Kendall trend analysis for uncensored
data. This test measures the strength of monotonic trends and is appropriate for continuous
variables with non-normal distributions (Helsel, 1993 and 2012; Helsel and Hirsch, 2002). Each
month (April-November) was used as a “season” and the test was conducted, by station, for
each parameter. The goal of defining seasons is to remove temporal variation to have a better
ability to find changes over time (Helsel et al., 2006; Helsel and Hirsch, 2002). Seasonal
Kendall trend analysis assumes a single pattern (either upward or downward) of trend across all
seasons, otherwise the results may be misleading (Helsel and Hirsch, 2002; Schertz et al.,
1991; Gilbert, 1987; van Belle and Hughes, 1984; Matzke et al., 2014). A detailed description of
uncensored Seasonal Kendall tests can be found in Hoard et al. (2009).

Trends in parameters with censored data were measured using Tobit linear regression
techniques (Helsel and Hirsch, 2002). The Tobit trend test is a parametric regression. When
using Tobit trend tests, water quality values were log transformed. A minimum of 20% of the
data was required to be above the detection limit for Tobit trend analysis. For the Great Lakes
tributaries, analyses performed by the USGS (Hoard et al., 2018) used Tobit analyses on
individual Great Lakes tributaries that had more than 5%, but less than 50%, of their data
censored. For the Great Lakes bays and connecting channels, Tobit linear regression was used
to identify trends in parameters with at least 1 censored data point, but not more than 50%
censored.

change in conveyance capacity of the channels, possibly due to major dredging projects (see the above-
mentioned spreadsheet and Fay and Noorbakhsh [2010]).



Table 2-3 shows the calendar dates associated with each seasonal breakdown.

Box Plots

Box plots are frequently used in this report. Refer to Figure 1 (below) for a diagram of box plot
features.

Figure 1. Diagram of boxplot features for datasets with censored data (left, “Spear style”) and
for datasets that do not have censored data (right, “Tukey style”) as described in Krzywinski and
Altman (2014a) and R Core Team (2015). IQR = Inter Quartile Range.



Summary of Parameters and Background on Select Michigan WQS

Alkalinity — A measure of acid-neutralizing capacity (Harrison, 2000; Williamson and Carter,
2001). Alkalinity is largely dependent on local geology and the concentration of bicarbonate
compounds present in the water column (Kaushal et al., 2013). Areas with granite typically
have low alkalinity, whereas areas with limestone have high alkalinity. Carbonates frequently
contain magnesium and calcium, so alkalinity is often related to hardness.

Calcium — Measured as total calcium (Ca) in water. Common sources of calcium include
weathering of local geological features as well as cement factories, fertilizers, and runoff from
fields treated with lime (Harrison, 2000). Calcium is a component of total dissolved solids (TDS)
and is 1 of the 2 cations used to calculate water hardness.

Chloride — Measure of total chlorides in water. Typically formed as a salt with a cation bound to
chloride (e.g., sodium chloride, or NaCl, is table salt). Sources of chlorides include natural
weathering of rock and sediment, as well as wastewater treatment, road salting, agricultural
runoff, and water from oil and gas wells (World Health Organization [WHO], 2011). Chlorides
are regulated in R 323.1051 of the Part 4 rules. This rule states that waters of the state
designated as a public water supply source shall not exceed 125 milligrams per liter (mg/L) of
chlorides as a monthly average, except for the Great Lakes and connecting waters, where
chlorides shall not exceed 50 mg/L as a monthly average.

Chlorophyll a — A measure of the concentration of chlorophyll a in the water column.
Chlorophyll a is used in photosynthesis; therefore, chlorophyll a is an indirect measure of the
amount of algal biomass and productivity (USEPA Office of Water, 2007b). Chlorophyll a
measurements are typically limited to limnologic surveys.

Conductivity — A measure of water’s capability to conduct electrical flow. Conductivity is directly
related to the concentration of cations and anions in water. lons come from salts, chlorides,
sulfides and carbonates (USEPA, 2011). These compounds, which dissolve in water, are
known as electrolytes. Specific conductance (provided in this report) is conductivity corrected
for the influence of temperature and is expressed as conductivity at a standard temperature of
25°C (USEPA, 2011; Williamson and Carter, 2001).

Dissolved Organic Carbon (DOC) — DOC is a measure of the dissolved component of total
organic carbon (TOC). The bioavailability and toxicity of trace metals is linked to the
concentration of DOC in water (Smith et al., 2015). As DOC accumulates in the water column,
metals coalesce and become less soluble. Similar to TOC, DOC concentrations are positively
correlated to biochemical oxygen demand and chemical oxygen demand (Brezonik and Arnold,
2011).

DO - DO is a measure of the mg/L of oxygen in water. It is necessary for aquatic life. DO is
affected by temperature, photosynthesis, and respiration (Michaud, 1994; Allan and Castillo,
2007). Sources of pollution affecting DO include organic runoff from sources such as
wastewater treatment plants, eutrophication, septic system leaks, paper mills, and animal
manure/feed lots (Michaud, 1994). DO levels are regulated in R 323.1064 of the Part 4 rules.
WQS for DO are generally, with some exceptions, 7 mg/L for all Great Lakes, connecting
waterways, and inland surface waters designated to be protected for coldwater fish and 5 mg/L
for all other inland stream and lake waters (MDEQ), 2006).



Hardness — The measure of dissolved minerals in water. Hardness may cause deposition of
scale in pipes, water heaters, and boilers (Williamson and Carter, 2001). Here, hardness is
estimated using calcium and magnesium concentrations and expressed as mg/L calcium
carbonate (CaCQOs). Primary sources of calcium and magnesium include natural weathering of
rocks such as limestone (CaCQO:s) (Brezonik and Arnold, 2011).

Magnesium — A measure of total magnesium (Mg) in water. Magnesium is an essential nutrient,
which can also be toxic at exceptionally high levels, although its toxicity is dependent upon the
hardness of water (WHO, 2011). Common sources include weathering of local geological
features as well as fertilizers, liming, pyrotechnics, and airplane/missile construction (Salminen
et al., 2005). Magnesium is a major component of hardness (Brezonik and Arnold, 2011).

Mercury — A measure of total mercury (Hg). Mercury is a toxic, bioaccumulative chemical of
concern. Bioaccumulation is the process by which organisms accumulate contaminants in their
tissues at concentrations several times greater than they are present in the water column
(Salminen et al., 2005). Natural sources of mercury include volcanoes and geological mercury
deposits; however, the more common source is anthropogenic and includes coal combustion
and metal processing (Salminen et al., 2005; ATSDR, 1999). Michigan’s WQS for water column
mercury concentration are 0.0013 micrograms per liter (ug/L) (or 1.3 nanograms per liter [ng/L])
for the protection of wildlife and 0.0018 pg/L (or 1.8 ng/L) for the protection of human health
(e.g., fish consumption) (MDEQ, 2006).

Nitrogen — Nitrogen is an essential nutrient for plants and animals. Total nitrogen is the sum of
all organic and inorganic species of nitrogen (Brezonik and Arnold, 2011). Sources include
runoff, wastewater treatment plants, and all sources of organic and inorganic matter. Like
phosphorus, Michigan’s WQS for nitrogen is determined by R 323.1060, Plant Nutrients, of the
Part 4 rules. Part 2 of this rule states that “nutrients shall be limited to the extent necessary to
prevent stimulation of growths of aquatic rooted, attached, suspended, and floating plants, fungi
or bacteria, which are or may become injurious to the designated uses of the surface waters of
the state.”

Ammonia — An inorganic form of nitrogen. Total ammonia is the sum of NH4* (ammonium ion)
and NHs (unionized ammonia) concentrations (USEPA, 2013). Unionized (NH3) ammonia
readily converts to less toxic ammonium (NH4*) in the presence of water, which is assimilated by
plants (Brezonik and Arnold, 2011). (Note: in situations where values of pH and temperature
increase, the concentration of unionized ammonia increases and the concentration of
ammonium ion decreases [USEPA, 2013].) Natural sources of ammonia include decomposition
of organic waste, forest fires, and nitrogen fixation, while anthropogenic sources include
livestock, agricultural fertilizer, and municipal runoff (USEPA, 2013). When ammonia reaches
elevated levels in the water, fish and aquatic macroinvertebrates have difficulty excreting
ammonia, leading to toxic buildup within tissues (USEPA, 2013).

Nitrate — Nitrate is an inorganic form of nitrogen that dissolves in water and is biologically
available for primary production (WHO, 2011). Elevated nitrate can result in algae blooms and
subsequent depletion of oxygen when the blooms decompose. A major source of nitrate is
inorganic fertilizer runoff, wastewater treatment, and oxidation of nitrogenous compounds
(WHO, 2011). High levels of nitrate in drinking water can lead to methemoglobinemia (blue-
baby syndrome) in infants (WHO, 2011).



Nitrite — Nitrite is an inorganic form of nitrogen that can be taken up by aquatic plants. Its
concentrations are typically low in ambient water because it is readily converted to nitrate by
bacteria (WHO, 2011).

Total Kjeldahl Nitrogen — The sum of organic nitrogen and total ammonia (Brezonik and Arnold,
2011). If concentrations of ammonia and Kjeldahl nitrogen are known, the concentration of
organic nitrogen can be calculated.

pH — A measure of hydrogen ions in water, also known as the acidity of water (Michaud, 1994).
pH is on a scale from 0 to 14; solutions below 7 are acidic and solutions above 7 are basic. pH
is strongly affected by alkalinity, which is water’s ability to neutralize acid (Michaud, 1994).

Phosphorus — Michigan’s WQS for phosphorus is determined by R 323.1060. This is a two-part
rule, with the first part relating to point source discharges of total phosphorus in regards to
Great Lakes protection, and the second part states, “nutrients shall be limited to the extent
necessary to prevent stimulation of growths of aquatic rooted, attached, suspended, and floating
plants, fungi, or bacteria, which are, or may become, injurious to the designated uses of the
surface waters of the state.”

Orthophosphate — Phosphorus exists in water as dissolved or particulate phase.
Orthophosphate includes the dissolved inorganic form of phosphate required by plants for
growth (Michaud, 1994). As opposed to particulate phosphorus, orthophosphate is readily
available to be taken up by plants (Michaud, 1994). Natural sources of phosphate include
erosion of sediment and parent rock, whereas anthropogenic sources include sewage and
fertilizer runoff.

Total Phosphorus — Phosphorus is an essential nutrient for plants and animals. It is often the
limiting nutrient in freshwater because it is not as abundant as carbon and nitrogen (Brezonik
and Arnold, 2011). Total phosphorus includes dissolved phosphorus plus the phosphorus found
in particles or bound to sediment (Domagalski and Johnson, 2012). More detailed information
about the different forms of phosphorus can be found in Jarvie et al. (2002) and Allan and
Castillo (2007). Sources include soils, rocks, fertilizer runoff, manure runoff, water treatment
plants, and decomposition of organic matter (Brezonik and Arnold, 2011). Water samples
analyzed for total phosphorus are not filtered.

Potassium — Potassium is an essential nutrient (WHO, 2011). Potassium can be leached
naturally from geologic formations. A common anthropogenic source of potassium is
agricultural fertilizer (WHO, 2011; Salminen et al., 2005).

Secchi Disk Depth — A measure of water transparency. The depth of water at which a
secchi disk, attached to a rope, can no longer be seen. Secchi disk measurements are limited
to lake and pond (limnologic) assessments and are not applicable to stream surveys.

Sodium — Sodium is an essential nutrient. Common sources of sodium include road salt and
animal wastes (Salminen et al., 2005). Similar to potassium, sodium binds to clay particles and
is not considered highly mobile in surface waters with high clay content (Salminen et al., 2005).

Sulfate — Measure of total sulfates in water. Sulfate can be formed as a salt with a cation bound
to S04 such as FeSO, (Salminen et al., 2005). Sulfate is an anion constituent of TDS.
Sources include the natural weathering of rocks and the combustion of fossil fuels (major



source) and the production of cement, steel, and crushed limestone for roads (WHO, 2011;
Salminen et al., 2005).

TOC — TOC includes all natural organic matter as well as synthetic compounds in a body of
water such as detergents, pesticides, plastics, and herbicides (Brezonik and Arnold, 2011;
Nelson and Sommers, 1996).

TDS — TDS measures the combination of cations, anions, minerals, and silts dissolved in water
(WHO, 2011). Major components include calcium, magnesium, potassium, sodium,
bicarbonates, chlorides, and sulfates as well as organic matter dissolved in water (Brezonik and
Arnold, 2011; WHO, 2011; Salminen et al., 2005). Common sources of TDS include sewage,
urban runoff, industrial waste, and drinking water treatment as well as natural sources such as

mineral springs and weathering of rock.

TSS — TSS measures particles larger than two micrometers, which are left after filtering for
TDS. TSS includes solids such as plants, animals, algae, silt, sand, and other sediments
(Michaud, 1994). The more solids there are in the water the less clear the water will be.
Michigan’s WQS for TSS is determined by R 323.1050, which states, “surface waters of the
state shall not have any of the following physical properties in unnatural quantities which are or
may become injurious to any designated use: turbidity, color, oil films, floating solids, foam,
settleable solids, suspended solids, and deposits” (MDEQ, 2006). TSS concentrations less than
20-25 mg/L in water typically do not change the appearance of water and may be considered
“clear” flow (MDEQ, 2016a; Singleton, 2001). Water with TSS levels between 40-80 mg/L may
appear cloudy, while concentrations over 150 mg/L may look dirty (MDEQ, 2016a).

Trace Metals — EGLE regulates many toxic substances in surface waters with numeric criteria
derived using R 323.1057. These numeric criteria are one measure used to determine if
Michigan’s WQS are met. While not all pollutants have numeric criteria, trace metals monitored
for the WCMP do and were evaluated to ensure WQS were met. EGLE uses a hardness-based
approach to calculate numeric criteria for many trace metals, including total chromium, total
copper, total lead, total cadmium, total nickel, and total zinc. The hardness value collected at
the time of sampling was used to calculate an individual WQS at each site.

Cadmium — A measure of total cadmium (Cd) in water. Cadmium is a metal that is found
naturally in the earth’s crust and can be released by weathering (WHO, 2011). Various
forms of cadmium are soluble in water, depending on the conditions of the body of
water. Cadmium is also emitted in the production of phosphate fertilizers (WHO, 2011)
and is a byproduct of zinc, lead, and copper extraction. It is found in batteries, pigments,
and steel plating and is a stabilizer in the manufacturing of plastics (USEPA - Office of
Water, 2016). It is also used in solar cells and color displays (USEPA - Office of Water,
2016). Cadmium is toxic at unnaturally high concentrations, although its toxicity is
dependent upon the hardness of water.

Chromium — Measure of total chromium (Cr) in water. Chromium is a micronutrient that
can become toxic at unnaturally high concentrations. Various forms of chromium are
slightly water soluble, depending on pH and DO and each form has different toxicity
(WHO, 1996). Chromium originates from leather tanning, audio and video production,
lasers, dyes, and paints (WHO, 1996). Trivalent chromium (chromium-3) and
hexavalent chromium (chromium-6) are the most common forms of chromium that occur



in natural waters in the environment®. Hexavalent chromium has a fixed WQS, while
trivalent chromium toxicity is hardness-dependent (Roush, 2013; MDEQ, 2018).

Copper — Measure of total copper (Cu) in water. Copper is a micronutrient that is toxic
at exceptionally high concentrations, although its toxicity is largely dependent upon
hardness. Copper naturally occurs in the earth’s crust; however, it can also be released
from anthropogenic activity such as mining, agriculture, leather manufacturing,

lake management, and municipal runoff (USEPA - Office of Water, 2007a).

Lead - A measure of total lead (Pb) in water. Lead is toxic at exceptionally high
concentrations, although its toxicity is dependent upon the hardness of water. Various
forms of lead are soluble in water, depending on the conditions of the water (WHO,
2011). Lead can be found naturally in the Earth’s crust; however, anthropogenic
sources of lead include lead-based paint, pipes, fossil fuels, ceramics, and various other
metal-containing products (WHO, 2011; Salminen et al., 2005).

Nickel — A measure to total nickel (Ni) in the water column. Nickel is a micronutrient for
plants; its toxicity to organisms is largely dependent upon hardness. Nickel is found
naturally in the Earth’s crust; however, it is also released from power plants, batteries,
waste incinerators, oil refineries, ceramics, textiles, fertilizers, and metal industries
(WHO, 2011; Salminen et al., 2005).

Zinc - Zn is a micronutrient that can become harmful if it reaches unnaturally high levels.
The toxicity of zinc is dependent upon water hardness. Zinc is found naturally in the
Earth’s crust and can be released by weathering; however, anthropogenic sources of
zinc also include batteries, paints, coal plants, fungicides, insecticides, landfills, and
various other metal manufacturing processes (Salminen et al., 2005).

Trophic State Index — Trophic State Index is a classification system designed to classify lakes,
ponds, and reservoirs based upon biological productivity. Indicators of trophic state include
total phosphorus, chlorophyll a, and secchi disk depth. Trophic State Index classifications
include eutrophic, mesotrophic, and oligotrophic, in order of most-to-least productive. Typically,
eutrophic lakes are characterized by high nutrients, high algal biomass, and low water clarity
whereas oligotrophic lakes are characterized by nutrient limitation, low algal biomass, and high
water clarity (Carlson, 1977).

Turbidity — Turbidity is an optical measure of water clarity and measures the amount of light
scattered by particles in the water (Brezonik and Arnold, 2011; Michaud, 1994). Turbidity and
TSS are related; however, turbidity does not quantify the mass of suspended material in a unit
of water. Also, turbidity can be affected by dissolved organic matter, which is not accounted for
by TSS.

3 See https://www.epa.gov/dwstandardsregulations/chromium-drinking-water. See also USEPA (1980).




SECTION 1. PROBABILISTIC MONITORING 2005-2014: STATEWIDE
SPATIAL PATTERNS

1.1 INTRODUCTION

Statewide monitoring of 250 randomly selected sites (referred to as probabilistic) began in 2005
with the goal of evaluating statewide spatial and temporal trends for select water chemistry
parameters (Figure 1-1, Appendix B-1). Fifty sites are sampled each year with 1 complete cycle
occurring every 5 years. Following this design, 2014 marked the end of 2 complete cycles.
Beginning in 2015, the third cycle of sampling began, and statewide temporal trend analysis will
be possible once results are obtained; however, this report is limited to spatial analyses of the
data collected from 2005 to 2014.

1.2 MAJOR CONCLUSIONS

Mercury and copper were the only trace metals found at levels that exceeded the Other
Indigenous Aquatic Life and Wildlife Designated Use Criteria from 2005 to 2014 at probabilistic
sites. Mercury exceedances were widespread throughout the state, while copper exceedances
were limited to the Western Upper Peninsula/Keweenaw Peninsula.

Fifty-four £ 7% of the perennial river miles in Michigan met the mercury WQS of 1.3 ng/L using
probabilistic data collected from 2005 to 2009, and 46 + 7% of the perennial river miles in
Michigan met the mercury WQS using probabilistic data collected from 2010 to 2014.

Ninety-eight £ 2% of the perennial river miles in Michigan met hardness-based copper WQS
using probabilistic data collected from 2005 to 2009, and 98 + 2% of the perennial river miles in
Michigan met the hardness-based copper WQS using probabilistic data collected from 2010 to
2014.

Cadmium, chromium, lead, nickel, and zinc did not exceed WQS at any sites from 2005 to 2014.

Cadmium, chromium, lead, and zinc concentrations varied throughout the state. Chloride, TSS,
hardness, specific conductance, and nickel concentrations were greatest in southeast Michigan.
Sulfate and phosphorus concentrations were greatest in the Saginaw Bay region. DOC,
mercury, and copper concentrations were greatest in the Upper Peninsula. Surface water
chemistry varied by ecoregion, stream order, geology, and land cover.



Figure 1-1. Probabilistic water chemistry monitoring sites visited from 2005-2014. Sites are
shown within ecoregion.



1.3 METHODS

1.3.1 Site Selection and Study Design

Sites were provided by the USEPA, including additional “backup” locations, using a multi-panel
stream survey design with a target population of all perennial rivers and streams within
Michigan. The sample frame was Reach File Version 3-Alpha based on the 1:100,000-scale
dataset (USEPA, 1998). Strahler Order was added as a Multi Density Category of first, second,
third, and fourth + groups (stream orders higher than 4 were placed in the fourth order category;
Strahler, 1957). Sample size within Strahler Order was weighted to achieve equal sample size
across Strahler Order classes for the 250 sites. Site locations within their respective ecoregions
are displayed in Figure 1-1.

Due to changes in WRD priorities and objectives throughout the initial years of the project, some
design modifications have occurred. In 2005, 50 sites were sampled. From 2006 to 2009, 50
new, randomly chosen sites were selected to be monitored each year along with 5 sites from
the previous year of sampling for a total of 55 sites per year. At the start of the second cycle of
monitoring (i.e., 2010), 25 of the sites sampled in 2005 were resampled to monitor temporal
trends, while 25 new sites were randomly chosen to monitor statewide spatial trends and have a
truly random sample design. However, this design was not repeated in 2011. Instead, it was
decided that the original sites that were randomly chosen from 2005 to 2009 would become
fixed (i.e., would be resampled every 5 years) with the emphasis in monitoring placed on
temporal trends and analysis of spatial trends being limited to those sites that were randomly
chosen from 2005 to 2009. Additional changes in site locations for logistical reasons are listed
in Appendix B-2.

Each site was visited 4 times during its monitoring year, with samples collected in May, July,
September, and November. Sites that were dry during their first sampling event were replaced
with alternate sites. Sites that were successfully sampled during their first sampling event but
dry during subsequent visits were not replaced. A site list of all probabilistic sites, including
STORET numbers, can be found in Appendix B-1.

Further details on probabilistic site selection can be found in the Michigan Multi-Panel Stream
Survey Design memo (Appendix B-3).

1.3.2 Data Analyses

1.3.2.1 Spatial Analyses

Many factors, both natural and anthropogenic, may influence the chemical composition of
waters across the state. These factors may include features such as geology, vegetative cover,
atmospheric deposition/air currents, and land cover. Several of these were evaluated to
determine if they could explain variation in concentrations across the state including: ecoregion,
stream order, surficial geology, and land cover. There are likely interactions among many of
these factors; however, at this time, interactions could not be statistically evaluated because
methods have not been developed to test complex models with interval-censored data (see
Introduction: Statistics for more information).



Ecoregional Analyses

An ecoregional analysis is included to determine if water chemistry parameters are
consistent throughout the state or variable dependent on ecoregion. Omernik Level Il
Ecoregions of the Continental United States System was chosen because it delineates
zones using geologic, physiographic, vegetative, climate, soil, land use, wildlife,

water quality, and hydrologic patterns (Figure 1-1; Omernik and Gallant, 1988). Five
distinct ecoregions are present within Michigan: Northern Lakes and Forests (NLAF),
North Central Hardwood Forests (NCHF), Huron Erie Lake Plains (HELP), Southern
Michigan Northern Indiana Drift Plains (SMNIDP), and Eastern Corn Belt Plains (ECBP).
Descriptions of ecoregions and corresponding hydrology can be found in Appendix A-2
or Michigan’s WCMP (Roush, 2013).

To examine differences in concentrations among ecoregions, the watershed upstream of
each probabilistic site was first delineated using the Watershed Tool in ArcGIS. The
dominant ecoregion, or the ecoregion making up the greatest percentage of area within
each watershed, was then determined using Level Il Ecoregions of Michigan (USEPA,
available at http://edg.epa.gov). The dominant ecoregion was then used in all statistical
analyses.

Stream Order Analyses

A stream order analysis is included to determine if water chemistry parameters are
consistent throughout the state or variable dependent on stream order. Stream order
was chosen because parameter concentrations are likely a function of geologic,
physiographic, vegetative, climatic, and hydrologic processes, as well as a number of
other processes, which differentially influence streams dependent on their size and
location within the watershed. Stream order was determined using Strahler Order
(Figure 1-2; Strahler, 1957; USEPA, 1998) with streams grouped into first order, second
order, third order, and fourth + order streams (i.e., streams fourth order or greater).



Figure 1-2. Probabilistic water chemistry monitoring sites visited from 2005-2014 by Strahler
Stream Order.



Geology Analyses

Many trace metals and conventional pollutants have been shown to be strongly
correlated with geology as a result of weathering of rock or erosion of soils (Allan and
Castillo, 2007). Geology also hierarchically influences many environmental variables
such as hydrology that directly influence chemical concentrations and their availability to
biota (Allan and Castillo, 2007). Therefore, geology was also examined to determine if
water chemistry parameters could be explained by geologic features. Because of the
geologic complexity of Michigan, this analysis included both a qualitative review of
bedrock geology throughout Michigan and a quantitative analysis of surficial geology.

To examine the influence of surficial geology on concentrations, the watershed upstream
of each probabilistic site was first delineated using the Watershed Tool in ArcGIS. The
dominant surficial geology type, or the surficial geology type making up the greatest
percentage of area within each watershed, was then determined using the Michigan
Quarternary Geology shapefile available from the Michigan Geographic Data Library
(Figure 1-3; (The link provided was broken and has been removed); Farrand and Bell, 1982). The
dominant surficial geology type for each site was then compared for each parameter.



Figure 1-3. Probabilistic water chemistry monitoring sites visited from 2005-2014 within surficial
geology type.



Land Cover Analyses

Chemical concentrations in surface water are often influenced by anthropogenic
activities and alterations in the surrounding watershed (Allan and Castillo, 2007). Land
cover is a good surrogate measure for potential human-induced disturbances.
Therefore, the potential impacts of different land cover types were examined to
determine if they may explain parameter concentrations, as well as to pinpoint potential
sources of impairment.

To examine the influence of land cover type on concentrations, the watershed upstream
of each probabilistic site was first delineated using the Watershed Tool in ArcGIS. The
dominant land cover type, or the land cover type making up the greatest percentage of
area within each watershed, was then determined using the National Land Cover
Database (NLCD) (2011) from the Multi-Resolution Land Characteristics Consortium
(Homer et al., 2015, NLCD, 2011; Figure 1-4; Table 1-1). The dominant land cover type
was then used in statistical analyses.

One limitation of this analysis is that certain land cover types (Table 1-1) may have a
disproportionate influence on chemical concentrations relative to their areal

coverage. The presence of development, in particular, may have an influence on
concentrations even when it is not the dominant land cover type within the watershed.
To explore this idea, the influence of presence of development, regardless of areal
coverage in the watershed, was also evaluated. A minimum of 1% areal coverage was
used to determine if development was present or absent (i.e., if development did not
make up at least 1% of the watershed, development was considered absent).

Within the NLCD 2011 Land Cover categories, development is broken down into 4
categories partially defined by how much impervious surface is present: open space

(< 20% impervious surface), low intensity (20-49% impervious surface), medium
intensity (50-79% impervious surface), and high intensity (80-100% impervious surface;
Table 1-1). Low, medium, and high intensity were used for this analysis and were
compared to sites without development (i.e., less than 1% development). Sites with
more than 1 type of development present (i.e., high, medium, low) were placed into the
highest intensity type present in the watershed for this analysis. Therefore, this analysis
compared 4 groups of sites: those with the presence (defined as > 1% areal coverage)
of high intensity development, presence of medium intensity development, presence of
low intensity development, and absence of development (defined as < 1% areal
coverage).



Figure 1-4. Probabilistic water chemistry monitoring sites visited from 2005-2014 by dominant
land cover type.



1.4 RESULTS AND DISCUSSION

1.4.1 Nutrients & Conventional Parameters

Eight nutrients and conventional parameters have been consistently sampled or calculated
every year at probabilistic sites: calcium, chloride, DOC, hardness-calculated, magnesium,
sulfate, total phosphorus, and TSS. Statewide spatial patterns for these parameters are
detailed below.

DO, temperature, pH, and specific conductance are also measured at each site and likely
influence the concentrations and bioavailability of other parameters. However, spatial patterns
are not evaluated because these parameters can have strong diel fluctuations and were not
measured at consistent times within or across sites.



1.4.1.1 Chloride
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Figure 1-5. Inverse distance weighting interpolation image of median chloride concentrations
(mg/L) from 2005-2014.



Chloride is a major anion that can enter surface water via natural or anthropogenic pathways
(e.g., road salt or fertilizer application, water conditioning salts, and sewage) and can be toxic to
aquatic life at high concentrations (Kelly et al., 2012; USEPA, 1988). The USEPA derived
ambient water quality criteria for chloride in 1988 setting an acute aquatic life value of 860 mg/L
and a chronic aquatic life value of 230 mg/L (USEPA, 1988). However, EGLE does not
currently have aquatic life criteria for chloride.

From 2005 to 2014, chloride concentrations were detectable (i.e., above the MDL of 0.05 mg/L)
in 98.4% of samples and quantifiable (i.e., above RL of 1.0 mg/L) in 97.9% of samples collected
at probabilistic sites (n = 2,114 samples). Chloride sample concentrations ranged from
nondetect to 987 mg/L (STORET #700605), and site median concentrations ranged from 1 to
312 mg/L. The majority of samples collected were below levels of concern and only 1.8% of all
chloride samples collected from 2005 to 2014 were greater than the USEPA chronic criteria of
230 mgl/L.

Chloride median site concentrations were greatest in southeast Michigan (Figure 1-5), in
particular, within the Clinton River and Detroit River sites. In addition to anthropogenic sources
of chloride, there are large expanses of natural salt deposits in southeast Michigan, which may
explain the greater chloride concentrations in this area. Median concentrations were greatest in
the HELP, ECBP, and SMNIDP ecoregions, and lowest in the NLAF ecoregion, although the
NCHF ecoregion did not differ from the ECBP, SMNIDP, or NLAF ecoregions (Figure 1-6A;
X?=158.21, df = 4, p = <0.001). Median concentrations also increased slightly with increased
stream order at a statewide scale (Figure 1-6B; X 2=14.23, df = 3, p = 0.003).

Median chloride concentrations were greater at sites where the upstream watershed was
dominated by lacustrine clay and silt surficial geology compared to sites where the upstream
watershed was dominated by thin to discontinuous glacial till over bedrock and glacial outwash
sand and gravel/postglacial alluvium, but did not differ among other surficial geology types
(Figure 1-6C; X 2= 38.15, df = 11, p = <0.001). The ability of runoff or streamflow to erode soils
or keep sediments suspended is largely dependent on particle size and water velocity (Allan
and Castillo, 2007). Lacustrine clay and silt surficial geology is characterized by finer sediments
than glacial outwash sand and gravel/postglacial alluvium suggesting the finer particle size of
lacustrine clay and silt may be more easily transported or stay suspended longer in rivers
surrounded by these geologies.

Median chloride concentrations varied by dominant land cover type and were greater at sites
where the upstream watershed was dominated by low intensity development and cultivated
crops compared to sites where the upstream watershed was dominated by deciduous forest,
evergreen forest, and woody wetlands (Figure 1-6D; X 2 =114.1, df = 9, p = <0.001; Table 1).
This suggests that anthropogenic sources of chloride and/or alterations to the landscape may
contribute to increased concentrations in surface water (e.g., application of road salts and
brines, decreased permeability of soils, increased runoff rates, and irrigation practices).

Additionally, when chloride concentrations were compared solely to the presence of varying
levels of development (none, low, medium, and high) in the upstream watershed, median
chloride concentrations were greater when development was present relative to when
development was absent. Moreover, chloride concentrations were greater when high and
medium intensity development were present than when low intensity development was present
in the watershed (X 2=132.8, df = 3, p = < 0.001). This suggests that the presence of
development alone may influence chloride concentrations irrespective of the percentage of
development in the watershed. Coupled with the results from the first analysis, the influence of



development on chloride concentrations may be exacerbated with increased areal coverage of
this land cover type.

Figure 1-6. Median site chloride concentrations (mg/l) by (A) Ecoregion, (B) Stream Order,
(C) Surficial Geology, and (D) Land Use from 2005-2014 (different letters denote significant
difference in Kruskal Wallis post hoc Dunn tests at a = 0.05; sample sizes shown in Table 3).



1.4.1.2 DOC
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Figure 1-7. Inverse distance weighting interpolation image of Median DOC concentrations
(mg/L) from 2005-2014.



DOC is a measure of the dissolved component of TOC (Brezonik and Arnold, 2011). DOC
generally makes up the majority of organic carbon in lotic waters (Allan and Castillo, 2007) and
is biologically important because it provides an energy source for microbial processes (Allan
and Castillo, 2007) and is thought to regulate the toxicity of some metals (MDEQ, 2007a). For
example, copper toxicity decreased as DOC increased in Upper Peninsula water bodies
(MDEQ, 2007a).

From 2005 to 2014, DOC concentrations were quantifiable (i.e., above MDL and RL of

0.5 mg/L) in 99.9% of samples collected at probabilistic sites (n = 2,033 samples). DOC sample
concentrations ranged from nondetect to 82 mg/L (STORET #770118), while site median
concentrations ranged from 1.4 to 43 mg/L.

DOC median concentrations were greatest in the Upper Peninsula and lowest in southern
Michigan (Figure 1-7). Median site DOC concentrations did not differ by ecoregion

(Figure 1-8A; X 2=7.88, df = 4, p = 0.10) although the greatest concentrations of DOC were
found in the NLAF ecoregion. Median concentrations were also slightly higher in first order
streams and decreased with increased stream order at a statewide scale (Figure 1-8B;
X?=16.36, df =3, p =< 0.001). DOC can enter river systems through a variety of avenues
including groundwater, subsurface or interflow, surface flow, leachate from detritus or terrestrial
origin, throughfall, or extracellular release and leachate from algae or macrophytes (Allan and
Castillo, 2007). Greater DOC concentrations in first order streams, especially in heavily
forested ecoregions like NLAF, may be explained by the disproportionally high contribution of
DOC allocthonous inputs, and surface and subsurface flow in first order streams relative to
higher order streams in these areas.

Median DOC concentrations were greatest at sites where the upstream watershed was
dominated by peat and muck and medium-textured glacial till compared to sites where the
upstream watershed was dominated by glacial outwash sand and gravel/postglacial alluvium,
but did not differ among other surficial geology types (Figure 1-8C; X ? = 34.46, df = 11,

p =<0.001). Peat and muck are, by definition, decomposing organic matter so greater DOC in
sites where the upstream watershed is dominated by peat and muck in not unexpected.

Median DOC concentrations varied by land cover type and were greater at sites where the
upstream watershed was dominated by woody wetlands compared to sites where the upstream
watershed was dominated by deciduous forest, evergreen forest, and cultivated crops
(Figure1-8D; X 2=67.52, df= 9, p = < 0.001). It is important to note the majority of WCMP
probabilistic sites where the upstream watershed was dominated by woody wetlands are
located in the Upper Peninsula (Figure 4). However, when excluding all Upper Peninsula sites,
DOC median concentrations were still greater at sites where the upstream watershed was
dominated by woody wetlands compared to sites where the upstream watershed was
dominated by cultivated crops or deciduous forest (X ? = 25.15, df = 8, p = 0.001) suggesting
that dominant land cover type may be more important than spatial location on the landscape
(i.e., Upper Peninsula) in predicting DOC concentrations.

Additionally, when DOC concentrations were compared to the presence of varying levels of
development (none, low, medium, and high) in the upstream watershed, median DOC
concentrations did not differ between sites where high intensity development, medium intensity
development, low intensity development, or no development was present in the upstream
watershed (X 2=7.016, df = 3, p = 0.071).



Figure 1-8. Median site DOC concentrations (mg/L) by (A) Ecoregion, (B) Stream Order,
(C) Suirficial Geology, and (D) Land Use from 2005-2014 (different letters denote significant
difference in Kruskal Wallis post hoc Dunn tests at a = 0.05; sample sizes shown in Table 3).



1.4.1.3 Sulfate
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Figure 1-9. Inverse distance weighting interpolation image of median sulfate concentrations
(mg/L) from 2005-2014.



Sulfate is a major anion that can enter surface water via natural or anthropogenic pathways
(Allan and Castillo, 2007). Sulfate, like chloride, can be toxic to aquatic life at high
concentrations (e.g., Soucek and Kennedy, 2005); however, neither EGLE nor the USEPA
currently have numeric surface water criteria for sulfate.

From 2005 to 2014, sulfate concentrations were detectable (i.e., above MDL of 0.6 mg/L) in
96.9% of samples and quantifiable (i.e., above RL of 2.0 mg/L) in 96.8% of samples collected at
probabilistic sites (n = 1,735 samples). Sulfate sample concentrations ranged from nondetect to
843 mg/L (STORET #580557), and site median concentrations ranged from nondetect to

228.5 mgl/L.

Sulfate median concentrations were greatest near the Saginaw Bay, and in general, increased
from northwest to southeast Michigan (Figure 1-9). The area near Saginaw Bay with greatest
sulfate concentrations is known to have natural deposits of CaSO., which likely influences
surface water concentrations to some extent. Sulfate median concentrations were also greatest
in the ECBP, HELP, and SMNIDP ecoregions, and lowest in the NLAF and NCHF ecoregions
(Figure 1-10A; X ? = 138.85, df = 4, p = < 0.001). Concentrations increased slightly with stream
order and were significantly greater in second, third, and fourth order streams compared to

first order streams at a statewide scale (Figure 1-10B; X 2=21.36, df = 3, p = < 0.001).

Sulfate concentrations generally varied across surficial geology types with the exception of
greater sulfate concentrations at sites where the upstream watershed was dominated by
lacustrine clay and silt and medium-textured glacial till compared to sites where the upstream
watershed was dominated by coarse-textured glacial till and thin to discontinuous glacial till over
bedrock (Figure 1-10C; X 2 =48.043, df = 11, p= < 0.001).

Median sulfate concentrations varied by dominant land cover type but were greater at sites
where the upstream watershed was dominated by low intensity development and cultivated
crops compared to sites where the upstream watershed was dominated by deciduous forest,
evergreen forest, or woody wetlands (Figure 1-10D; X 2 = 128.36, df = 9, p = < 0.001).

Additionally, when sulfate concentrations were compared to the presence of varying levels of
development (none, low, medium, and high) in the upstream watershed, median sulfate
concentrations were greater when development was present relative to when development was
absent, but did not differ between high, medium, and low intensity development (X % = 41.986,
df=3, p=<0.001). This suggests that presence of development alone may influence sulfate
concentrations irrespective of the percentage of the watershed in development, and that
coupled with the results from the first analysis, the influence of development on sulfate
concentrations may be exacerbated with increased areal coverage of this land cover type.



Figure 1-10. Median site sulfate concentrations (mg/l) by (A) Ecoregion, (B) Stream order,
(C) Suirficial Geology, and (D) Land Use from 2005-2014 (different letters denote significant
difference in Kruskal Wallis post hoc Dunn tests at a = 0.05; sample sizes shown in Table 3).



1.4.1.4 Total phosphorus
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Figure 1-11. Inverse distance weighting interpolation image of median total phosphorus
concentrations (mg/L) from 2005-2014.



Phosphorus is an essential nutrient for living organisms and can enter surface water via natural
processes or as a result of anthropogenic activities (APHA et al., 1995). Phosphorus is often,
but not always, the limiting nutrient in rivers and streams that controls plant and algae growth
(APHA et al., 1995). Because of this, artificial increases in phosphorus can lead to excessive
plant and algae growth, which can further lead to water quality degradation (e.g., seasonal
declines in DO; Allan and Castillo, 2007). Michigan has nutrient water quality criteria that
protects against excessive growth of plants, fungi, or bacteria, which are, or may become,
injurious to the designated uses of the state; however, EGLE does not have numeric criteria for
phosphorus (MDEQ, 2006).

From 2005 to 2014, total phosphorus concentrations were detectable (i.e., above MDL of
0.003 mg/L) in 99.1% of samples and quantifiable (i.e., above RL of 0.005 mg/L) in 98.4% of
samples collected at probabilistic sites (n = 2,130 samples). Total phosphorus sample
concentrations ranged from nondetect to 5.5 mg/L (STORET #760249), and site median
concentrations ranged from 0.003 < x < 0.005 mg/L (between the MDL and RL) to 1.275 mg/L.

Total phosphorus median concentrations were greatest in the Saginaw River watershed,
eastern thumb region, and southeast Michigan; however, high concentrations of

total phosphorus were also found in the Macatawa watershed and a few sites in the

Upper Peninsula (Figure 1-11). Total phosphorus median concentrations were greatest in the
ECBP and HELP ecoregions, and lowest in the NLAF and NCHF ecoregions (Figure 1-12A,
X ?=105.55, df = 4, p = < 0.001), and did not differ across stream order at a statewide scale
(Figure 1-12B; X 2=4.78, df = 3, p = 0.19).

In 2000, the USEPA published recommendations for developing nutrient criteria for rivers and
streams (USEPA, 2000). These recommendations included identifying reference conditions of
several parameters, including total phosphorus, which could be used to develop water quality
criteria. The USEPA used the lower 25th percentile of all data (datasets from Legacy STORET,
National Stream Quality Accounting Network, National Water Quality Assessment, and USEPA
Regions 5 and 7 from 1990 to 1999) to roughly approximate reference conditions, or conditions
of surface waters that have minimal impacts caused by humans, for each Level Ill ecoregion
and each aggregate ecoregion (combinations of Level Il ecoregions). For total phosphorus,
these reference conditions (across all seasons) were greatest in the ECBP (0.07 mg/L) and
HELP ecoregions (0.0625 mg/L) and lowest in the SMNIDP (0.03125 mg/L), NCHF

(0.02875 mg/L), and NLAF (0.012 mg/L) ecoregions, closely following the same overall
ecoregional pattern observed from 2005 to 2014 for probabilistic site medians (Figure 1-12A).

Median total phosphorus concentrations were greater at sites where the upstream watershed
was dominated by end moraines of medium-textured till or lacustrine clay and silt compared to
sites where the upstream watershed was dominated by coarse-textured glacial till, thin to
discontinuous glacial till over bedrock, and glacial outwash sand and gravel/postglacial alluvium,
but did not differ among other surficial geology types (Figure 1-12C; X 2 = 69.64, df = 11,

p =<0.001).

Median total phosphorus concentrations varied by dominant land cover type but were greater at
sites where the upstream watershed was dominated by pasture/hay or cultivated crops
compared to sites where the upstream watershed was dominated by deciduous forest and
woody wetlands (Figure 1-12D; X 2 = 108.35, df = 9, p = < 0.001). Additionally, the 10 greatest
site medians were found at sites where the upstream watershed was dominated by cultivated
crops indicating some farming practices (e.g., fertilizer application, tilling) may influence total



phosphorus concentrations in surface water. Total phosphorus was also greater at sites where
the upstream watershed was dominated by low intensity development compared to sites where
the upstream watershed was dominated by deciduous forest, but sites where the upstream
watershed was dominated by low intensity development did not differ from those where the
upstream watershed was dominated by cultivated crops, pasture/hay, or woody wetlands
(Figure 1-12D; X 2= 108.35, df = 9, p = < 0.001).

Additionally, when total phosphorus concentrations were compared to the presence of varying
levels of development (none, low, medium, and high) in the upstream watershed, median total
phosphorus concentrations were greater when development was present relative to when
development was absent (X 2 = 49.224, df = 3, p = < 0.001). Moreover, total phosphorus
concentrations were greater when high and medium intensity development were present than
when low intensity development was present in the watershed. This suggests that presence of
development alone may influence total phosphorus concentrations irrespective of the
percentage of the watershed in development, and that coupled with the results from the first
analysis, the influence of development on total phosphorus concentrations may be exacerbated
with increased areal coverage of this land cover type.



Figure 1-12. Median site total phosphorus concentrations (mg/l) by (A) Ecoregion,
(B) Stream Order, (C) Surficial Geology, and (D) Land Use from 2005-2014 (different letters
denote significant difference in Kruskal Wallis post hoc Dunn tests at a = 0.05; sample sizes

shown in Table 3).



1.4.1.5 Total suspended solids
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Figure 1-13. Inverse distance weighting interpolation image of median TSS concentrations
(mg/L) from 2005-2014.



TSS is a measure of all organic and inorganic particles suspended in water (MDEQ, 2016a).
TSS is biologically important because the amount of suspended material in the water column
can influence water temperature, light penetration, plant growth, DO concentrations, and
physical habitat availability (MDEQ 2016a). Michigan has narrative water quality criteria for TSS
under Rule 323.1050., which states that waters of the s